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basis of pigmentation can provide insight into speciation. Subspecies of the dark-eyed junco 23 (Junco hyemalis) have evolved marked differences in plumage coloration since the Last Glacial 24 Maximum, yet whether color differences are caused by mutations in coding regions of expressed 25 genes or are instead the result of regulatory differences remains unknown. To address this 26 question, we studied the pigment composition and the genetic basis of coloration in two 27 divergent subspecies, the slate-colored and Oregon juncos. We used HPLC and light microscopy 28 to investigate pigment composition and deposition in feathers from four body areas. We then 29 used RNAseq to compare the relative roles of differential gene expression in developing feathers 30 and sequence divergence in transcribed loci under common garden conditions. Junco feathers 31 differed in eumelanin and pheomelanin content and distribution. Within subspecies, in lighter 32 feathers melanin synthesis genes were downregulated (including PMEL, TYR, TYRP1, OCA2, 33 MLANA), ASIP was upregulated. Feathers from different body regions also showed differential 34 expression of HOX and Wnt genes. Feathers from the same body regions that differed in color 35 between the two subspecies showed differential expression of ASIP and three other genes 36 (MFSD12, KCNJ13, HAND2) associated with pigmentation in other taxa. Sequence variation in 37 the expressed genes was not related to color differences. Our findings support the hypothesis that 38 differential regulation of a few genes can account for marked differences in coloration, a 39 mechanism that may underlie the rapid diversification of juncos. leading to reproductive isolation and speciation (Seehausen et al., 2008) . Understanding the 48 mechanisms that underlie color divergence between populations is therefore critical for a better 49 understanding of the speciation process. 50 This divergence is particularly apparent in birds, where color diversity has three main 51 components: the diversity of pigments, the patterns of pigment deposition on different parts of a 52 feather, and the modular organization of feather tracts across the bird's body, which may enable 53 rapid recombination of color schemes (Badyaev, 2004 (Badyaev, , 2006 . Some of the diversity in feather 54 color has been shown to evolve as rapidly as within a few thousand years (Milá et al., 2007 ; 55 Ödeen & Björklund, 2003; Zink et al., 2003) , representing one of the fastest rates of evolutionary 56 change reported in wild species. In some cases, the main genetic differences between species are 57 in regions that encode color genes (Campagna et al., 2016; Poelstra et al., 2014) , suggesting that 58 speciation may start from only a few changes in mechanisms underlying color development. 59 Furthermore, specific patterns of coloration often evolve independently in distantly related 60 species (Shapiro et al., 2013) , suggesting that common mechanisms may underlie major aspects 61 of bird color diversity by channeling color variation along specific evolutionary trajectories 62 (Poelstra et al., 2014) . 63 4 Because of the power and promise of genetic studies of color variation, the genetics of 64 pigment production have been extensively studied in mammals and birds for the better half of the 65 past century (Hoekstra, 2006; Hofreiter & Schöneberg, 2010; Mundy, 2005; Silvers & Russell,   66 1955; Yu et al., 2004) . This is especially true for melanic color diversity, which has a strong 67 genetic basis (Roulin & Ducrest, 2013) . Melanic color diversity in birds is generated mainly by 68 two pigments: eumelanin (grey, brown, black colors) and pheomelanin (yellow, red), which are 69 produced in melanocytes, specialized pigment cells (Galván & Solano, 2016). Color differences 70 in birds may be due to either differences in the chemical composition of melanin polymers, 71 differential development of melanocytes, or differential distribution of melanin granules in the 72 feather. Melanin synthesis has been shown to be regulated via numerous pathways (Hoekstra, In this study, we addressed both of these issues by studying gene expression underlying 100 plumage color divergence in two plumage forms of the dark-eyed junco (Junco hyemalis) in a 101 common garden environment. The dark-eyed junco complex is a quintessential example of rapid 102 evolution of plumage color (Milá et al., 2007) and consists of at least six distinct, geographically 103 structured subspecific forms with strikingly different plumage coloration (Nolan et al., 2002) . 104 Recent molecular evidence indicates that the diversification within the dark-eyed junco species 105 complex has occurred within the last 10,000 years following their post-glacial expansion in Quantification of melanins in mature feathers 161 We examined the patterns of pigment deposition in the feather rachi, barbs, and barbules using a 162 Leica MZ16A stereomicroscope at a magnification of 100X, and photographed each feather 163 using a Leica DFC550 camera. We also quantified melanin content using high performance 164 liquid chromatography (HPLC) to measure degradation products of pheomelanin (4-amino-3- Million (CPM) were calculated using the TMM method (Robinson & Oshlack, 2010) . 204 Differential regulation was tested using a generalized linear model approach (FDR <0.05) 205 comparing each tissue against each other ( Table S1 ).
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Of these, 304 were differentially expressed in Oregon juncos, and 112 were differentially (Table S2 ).
289
Differential gene expression between subspecies 290 Only 10 genes (Table S3 ) were significantly differentially regulated between the same 291 feather tracts across the two subspecies (Table 2) . Of these, ASIP has been linked to pigment 292 variation in birds, and three other genes (MFSD12, KCNJ13, and HAND2) have been associated 293 with pigment production in other vertebrates. ASIP and HAND2 were more highly expressed in 294 the gray SCJU heads compared to black ORJU heads, while MFSD12 and KCNJ13 were more 295 14 highly expressed in the light brown ORJU flanks compared to the grey SCJU flanks (Figure 2) . 296 Most of the differential expression (7 out of 10 genes) was between developing ORJU and SCJU 297 head feathers (black vs gray). Only one gene (FAM172A) was significantly differentially 298 expressed between all three colored feather tract comparisons. Phenotypic difference in melanin deposition 321 Slate-colored and Oregon junco subspecies differed in the coloration of their flanks, 322 backs, and heads. As proposed previously (Miller, 1941) , the differences in coloration on a 323 phenotypic level were explained by differences in the type of pigment deposited in the feathers, 324 as well as the pattern in which this pigment was deposited in the rachi, barbs, and barbules 325 ( Figure 1 ). Eumelanin was found in both subspecies and all feather types. Pheomelanin was 326 present in all body parts of black-and brown-colored ORJUs, whereas it was below the detection 327 limit in the uniformly gray SCJU feathers ( Differences in expression between subspecies 346 We were able to detect only a handful of genes that were differentially regulated at a statistically 347 significant level between the same body parts of ORJUs and SCJUs ( Table 2) ). This suggests that either the role of FRZB in avian melanocytes may be different compared to 405 mammalian systems, that FRZB may be responsible for processes other than feather color (see 406 below), or that FRZB may be involved in arresting melanocyte function following active melanin 407 synthesis. FRZB has shown to be associated with darker pigmentation in other bird species as 408 well, suggesting a similar function of FRZB across avian taxa (Poelstra et al., 2015) . It is important to note that, instead of regulating color, many of the differentially 412 expressed genes between different feather types may be regulating feather morphology. 413 Alternatively, these differences may reflect differences in developmental timing, as we could not 414 ensure that feathers from different body regions were collected at the exact same developmental 415 stage. Poelstra et al. (2015) differentiated between the putative functions (color vs. shape) of 416 differentially expressed genes by asking if expression differences between feather types persist 417 across taxa, given that at least in one taxon the color is the same between feather types. Because 418 SCJUs have grey feathers on their heads, backs, and flanks, we applied this logic to ask if genes 419 differentially expressed in these feathers in SCJU were also differentially expressed in the 420 equivalent comparisons in ORJU. We found only three genes that were consistently differentially 421 expressed between feather types across subspecies. Only one of these genes (IL17REL) was 422 annotated (lower expression in back compared to flank in both subspecies), but it has not been 423 linked to feather development before.
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Differential expression of HOX and Wnt genes 426 We found differential expression in 11 HOX genes between white and darker feathers, 427 although our experimental design does not allow us to assign precise functions to these genes 428 (Komiya & Habas, 2008 )( Figure 5 ). HOX genes are transcription factors that regulate 429 morphogenesis via their time-and location-specific expression (Krumlauf, 1994 Sequence variation and population differentiation 451 We identified only 43 variant sites segregating SCJU and ORJU forms (FST=1), none of them in 452 genes closely related to pigmentation, indicating that differential color pigmentation in the two 453 forms are more likely due to regulatory mechanisms than to sequence variation in the coding Rapid evolutionary change 465 We have shown that rapid evolution of feather color in the genus junco can be explained by 
